Premise of the study: Despite myriad examples of local adaptation, the phenotypes and genetic 23 variants underlying such adaptive differentiation are seldom known. Recent work on freezing 24 tolerance and local adaptation in ecotypes of Arabidopsis thaliana from Sweden and Italy 25 provides the essential foundation for uncovering the genotype-phenotype-fitness map for an 26 adaptive response to a key environmental stress. 27
INTRODUCTION
to confirm the CBF2 mutation. Transgenic plants with the CBF2 mutation were self-pollinated 161 for two generations to obtain T3 lines homozygous for the CBF2 loss-of-function mutations. The 162 T3 lines were then backcrossed to SW in order to remove any possible insertional effects by the 163 T-DNA containing the CRISPR/Cas9 transgene. Two lines were produced (Fig. S1) ; SW:cbf2 a, 164 which is the same line with a 19 bp deletion in the coding region of CBF2 in Park et al. (2018) , 165 and SW:cbf2 b, with a 13 bp deletion in the coding region of CBF2. 166 We also produced two independent NILs for the CBF2 region by crossing recombinant 167 inbred lines with IT introgression segments spanning CBF2 to the SW parental line. The 168 backcrossed lines were then selfed for several generations, and lines of interest were genotyped 169 using a combination of 2b-RAD (Wang et al., 2012) and PCR-based genotyping strategies. Two 170
NILs were ultimately generated and used in experiments: NIL R37, which has a 2.4 Mb 171 introgression segment around the gene CBF2, and NIL R38, which has a 6.8 Mb introgression 172 segment that includes CBF2. Our use of both CRISPR and NILs in this experiment was 173 motivated by a desire to link these results with field-based estimates of survival and reproduction 174 for plants with functional and non-functional CBF2 alleles. Due to European Union regulations, 175 lines generated by CRISPR-Cas9 cannot be planted at native field sites, necessitating the use of 176
NILs for the field studies. The inclusion of NILs in addition to the CRISPR lines here allows us 177 to compare the effects of the native LOF allele with those of experimental mutations. Having 178 replicate lines of both types dramatically increases our confidence that the effects we observe in 179 the CRISPR mutants are due to the loss of function of CBF2 and not to off-target genes. 180
Freezing assay-181
To quantify the effect of the loss-of-function mutation in CBF2 we exposed seedlings from 6 182 different lines (IT, SW, the two SW background NILs, and two SW background CRISPRs CBF210 LOF lines) to a growth chamber freezing assay in which seedlings experienced a period of cold 184 acclimation followed by freezing conditions. The experimental conditions were based on field 185 data, and both this data and protocol have been described previously (Oakley et al., 2014) . The 186 experiment was randomized in a stratified fashion in a complete block design. Each block 187 consisted of 2 quartered petri dishes (containing 8 cells), 12 individual seeds of each line were 188 sown in one cell. There were 60 blocks in total, divided evenly among 10 trays (to facilitate 189 randomization within the growth chamber). This entire experimental design was repeated three 190 times, with each temporally separated growth chamber experiment referred to as a batch. 191
The freezing assay protocol follows Oakley et al. (2014) . Briefly, seeds were sterilized 192 using a 30% bleach and TWEEN 20 solution (Sigma Aldrich, St. Louis, Missouri, USA) for 10 193 minutes and suspended in 0.1% Phytoblend agar (Caisson Laboratories, Inc., Smithfield, Utah, 194 USA) overnight in the dark at 4°C prior to sowing. All seeds were sown on autoclaved 195
Gamborg's B-5 Basal Salts (without sucrose) and Phytoblend agar (Caisson Laboratories, Inc., 196 Smithfield, Utah, USA) and poured into sterilized petri dishes. The petri dishes were cold 197 stratified in the dark at 4°C for five days to synchronize germination. This was followed by 198 germination and early growth for eight days in a growth chamber at 22°C, 16-hour day length 199 (16L:8D) with a photosynthetically active radiation (PAR) of 125 µmol photons m -2 s -1 . After 200 this period, we put lids on the trays to reduce drying of the agar media and moved the trays to a 201 chamber capable of freezing temperatures to initiate the 10 days cold acclimation phase (4°C, 202 10L:14D, 50 PAR). We next reduced the temperature to -2°C for 24 hours, and added shaved ice 203 to each cell to facilitate ice nucleation (Smallwood and Bowles, 2002) . The chamber then went 204 into freezing at -7 °C for a total of 8 days. During this freezing period the petri dishes were kept 205 in the dark to minimize confounding effects of temperature and photoperiod. To mitigate 206 temperature variation within the chamber, we used supplemental fans and rotated trays twice a 207 day. After the freezing period, we brought the chamber up to 4°C for 24 hours to gradually thaw 208 the plants, followed by 48 hours at 22°C. 209
We quantified freezing tolerance per cell as mean percent survival after the freezing 210 period. Some cells were not included in the freezing tolerance assay because the plants were 211 sacrificed to collect RNA samples (see below Freezing tolerance was analyzed with an analysis of variance with line as a fixed effect. 219
Because of the limited number of batches (3), this factor was treated as a fixed effect. Block 220 nested within batch was treated as a random effect, and significance was tested with a likelihood 221 ratio test. With the exception of IT, which had about five-fold more cell mean freezing tolerance 222 values of zero than the other lines (Fig. S2) , the residuals of this model were approximately 223 normally distributed with minimal heteroscedasticity. Reanalysis of a model excluding IT 224 yielded qualitatively similar results for the overall effect of line and the pairwise contrasts to SW 225 (not shown), so we proceed with the full model. Because we are primarily interested in the 226 reduction in freezing tolerance resulting from a non-functional CBF2 allele, we limited pairwise 227 comparisons to those involving the SW ecotype, and tested these with a-priori linear contrasts.
genotypes were mapped to the Arabidopsis thaliana reference genome (TAIR10) using Tophat 256 version 1.4.1 (Trapnell et al., 2012). TopHat was run in default mode with the following 257 exceptions: the minimum and maximum intron lengths were set to 10 and 15,000 bp, 258 respectively. A GTF file (TAIR10) was used to assist in the mapping of known junctions. Read 259 counts for each gene were obtained using HTSeq 0.6.1 (EMBL, Heidelberg, Germany) using the 260 intersection-noempty option to only include counts for reads mapping to one unique gene. 261
Differential gene expression-262
Differential expression analysis was implemented in R version 3.0. 
RESULTS

307
Freezing assay-308
Overall freezing tolerance for the 845 cells (see materials and methods) was 50.2% (SD = 309 34.5%), and ranged from 0% to 100%. Genotype had a highly significant effect on freezing 310 tolerance (F5,689 = 109.5, P < 0.001). This strong signal of genetic-based differences in freezing 311 tolerance accounted for significant variation among batches (F2,156 = 32.5, P < 0.001), and 312 significant variation among blocks nested within batch (X 2 = 124.8, df=1, P < 0.001). Least 313 square mean freezing tolerance for SW was 71.9%, which was significantly greater than that of 314 IT of 11.4% (Table 1 
Gene expression -325
Differences between SW and IT-326
There were 249 genes that were differentially cold responsive between SW and IT (genotype by 327 treatment interaction) at PFDR ≤ 0.05 ( Fig. S3 ; Table S1 ). These genes are involved in genetic 328 pathways involved in glucosinolate biosynthetic processes (6/42 annotated GO terms, PFDR = 329 0.00977), response to gibberellin (8/143, PFDR = 0.0315), alpha-amino acid biosynthetic 330 processes (9/180, PFDR = 0.03), response to water deprivation (14/346, PFDR = 0.00665), among 331 others (Table S2) . 332
Role of CBF2-333
Expression of CBF2 in the warm treatment was very low (less than 0.3 CPM) for all lines, and 334 high for all lines after cold acclimation (range = 17-33 CPM). For the pairwise comparisons of 335 SW to NIL lines, there were 36 and 43 genes for NIL R37 and NIL R38, respectively, that met 336 the above criteria and had a significant genotype by cold acclimation treatment interaction at an 337 uncorrected P < 0.05 (Fig. S4 , Tables S3 and S4 ). There were 21 genes meeting both criteria in 338 common between both NILs. For the pairwise comparisons of SW to CRISPR lines, there were 339 38 and 29 genes for SW:cbf2 a and SW:cbf2 b respectively that met both criteria described 340 above ( responsiveness between SW and IT (Eq. 2) that can be explained by CBF2 (Table 2 ). In other 358 words, we categorized genes first based on how cold responsive they are in SW, then we 359 quantified how much of the difference in cold responsiveness between SW and IT can be 360 explained by LOF mutations in CBF2. 361
The first category represents genes that are very highly cold responsive (in terms of log 362 fold change in response to cold) in SW (Figs 2 and S5). We found two genes in this category, 363
GolS3 (LFCcaSW = 6.36) and AT4G30830 (LFCcaSW = 4.15). Gols3 exhibited a striking pattern of 364 cold acclimated gene expression where all 4 lines with LOF mutations in CBF2 had nearly 365 identical patterns of expression to IT (explaining on average 85% of the log fold difference in 366 cold responsiveness between SW and IT), suggesting that CBF2 almost completely mediates the 367 difference between SW and IT in cold acclimated gene expression of GolS3. For AT4G30830, 368 CBF2 could explain on average 43% of the log fold difference between SW and IT. The relative 369 expression patterns that we observed using RT-qPCR for GolS3 were consistent with the results 370 we obtained using RNAseq (Fig. S7) . 371
The second category represents highly cold responsive genes (LFCcaSW between 1.91 and 372 2.70) in SW, and included six genes LEA14, CCT2, COR-413PM1, ERD10, COR47, and ERD7 373 (Figs 3 and S5). Among these, CBF2 explained the greatest difference in log fold cold 374 responsive gene expression between SW and IT for LEA14 (80%) and CCT2 (60%), with lower 375 values for COR-413PM1 (52%), ERD10 (48%), and even lower values for COR47 (35%), and 376 ERD7 (33%). Some of these genes are therefore predominantly regulated by CBF2, whereas for 377 others, CBF2 plays an important, but not predominant role in regulation. The relative expression 378 patterns that we observed using RT-qPCR for COR413-PM1 were consistent with the results we 379 obtained using RNAseq (Fig. S7) . 380
The final two categories of genes are those that are modestly (AT3G55760, LFCcaSW = 381 1.18) or weakly (DEAR3, LFCcaSW = 0.43) cold responsive in SW (Figs S5 and S6). Despite the 382 limited cold responsiveness of these genes in SW, CBF2 could explain a large proportion of 383 differential log fold cold responsiveness between SW and IT, 64% and 82% respectively for 384 AT3G55760 and DEAR3. 385
Approximately 2/3 of land on earth experiences freezing temperatures at least occasionally 388 during a given year (Larcher, 1980) . Freezing tolerance is therefore likely to be a key adaptationto stressful environments for many plants, and because freezing tolerance requires coldgenetic and physiological mechanisms of differences in CBF2 mediated cold acclimated freezing 393 tolerance between locally adapted ecotypes SW and IT. We used CRISPR mutants that mimic a 394 naturally occurring loss of function mutation in CBF2, as well as NILs that contain the natural 395 loss of function allele from IT introgressed into an otherwise SW genetic background. For each 396 of these lines we quantified freezing tolerance in a growth chamber experiment, and additionally 397 quantified gene expression before and after cold acclimation. We found that this single mutation 398 in CBF2 underlies differences in adaptive phenotypic plasticity in the form of cold acclimation 399 between SW and IT, explaining 1/3 of the substantial differential survival through survival 400 between SW and IT. Our approach to identifying the genes that underlie cold acclimated freezing 401 tolerance involved four independent genetic lines, and explicitly tested genotype by treatment 402 interactions for differential gene expression. We were thus able to identify a remarkably short list 403 of ten candidate genes that may play an important role in this adaptive, phenotypically plastic 404 response. Future studies will investigate the contribution of these candidates to local adaptation 405 and fitness tradeoffs using growth chamber and field experiments with NILs that have pairwise 406 combinations of introgressions of CBF2 and target genes. 407
Freezing tolerance -408
Consistent with previous studies, we find large differences in freezing tolerance between SW and 409 IT. Additionally, the freezing tolerance estimates of the CRISPR and NI lines provide direct 410 evidence for the effect of the naturally occurring LOF mutation in the IT allele of CBF2 on 411 freezing tolerance. Cold acclimated freezing tolerance of SW was approximately 6.5 fold greater2014). On average, a LOF mutation in CBF2 in a SW background resulted in a reduction in 416 freezing tolerance of about 20% (Fig. 1) 
Gene expression -465
Differences between SW and IT-466
We identified 249 genes with a significant genotype (SW vs. IT) by cold acclimation treatment 467 interaction (PFDR ≤ 0.05). A recent study identified 5,200 genes in the SW and IT ecotypes that 468 were differentially expressed in response to cold ( Fig. 1D; Gehan et al., 2015) . These cold 469 responsive genes include 145 of the genes from our analysis, including nine of the ten most 470 significantly cold-responsive genes (Table S7 ). The 104 genes from our study that are not 471 included in the Gehan et al. (2015) study include DEAR3, which exhibited slight but significant 472 differences in cold-responsive expression in all pair-wise comparisons (See below; Table S8 ; 473 Table S2 ). We categorize these ten 499 genes based on how cold responsive they are in SW, and further by how much of the difference 500 in cold responsive gene expression between SW and IT can be explained by CBF2. 501
Two of the ten candidates were very highly cold responsive in SW, GolS3 and 502 AT4G30830. Perhaps the strongest candidate was Galactinol synthase 3 (GolS3), which was the 503 most cold responsive gene in SW (Table 2) , and for which CBF2 could explain almost all of the 504 differences in expression between SW and IT. GolS3 plays a key role in the raffinose 505 biosynthesis pathway, and raffinose is associated with increased tolerance to freezing and other 506 stresses (Taji et al., 2002) . GolS3 has been shown to be cold responsive in a number of studies 507 The final two genes in our list of ten candidates were those with only modest or low cold 545 responsiveness in SW. In spite of their relatively small responsiveness on an absolute scale, 546 much of the differences in cold responsiveness between SW and IT for these genes could be 547 attributed to CBF2 (65% and 80% respectively, for AT3G55760 and DEAR3). Neither of these 548 genes have been previously described as part of the CBF regulon for SW (Park et al., 2018 ), butboth have been identified as part of regulons from other genetic backgrounds (Table S9) . 550 AT3G55760 is located in the chloroplast stroma and is involved in starch metabolism (Feike et 551 al., 2016) . DEAR3 is a member of the DREB subfamily ERF/AP2 transcription factors (Sazegari, 552
Niazi, and Ahmadi, 2015), which is the same subfamily of transcription factors as CBF2. As a 553 group, the 10 candidates have likely roles in desiccation resistance, sugar biosynthesis or starch 554 metabolism, membrane structure and transport, and regulation of transcription, while some of the 555 functions of these genes are unknown or poorly known. in the IT ecotype, we narrowed the list of candidate genes for CBF2 mediated cold acclimation 572 to just ten genes. These ten genes are excellent candidates for further study of the genetic and 573 physiological changes that underlie the differences in freezing tolerance in these natural 574 populations. Future studies estimating fitness for combinatorial NILs containing pairwise 575 combinations of IT alleles of CBF2 and each of these ten genes in growth chambers and in the 576 field will be used to investigate interactions between CBF2 and downstream targets. Such 577 experiments will be coupled with metabolite analysis, particularly steps related to raffinose 578 biosynthesis, to provide additional insight into the mechanisms underlying adaptive cold 579 acclimation responses, and the potential for these mechanisms to result in fitness costs in 580 alternate environments. Table S3 . List of genes with significant differences in cold responsive expression between SW 845 and NIL R37 (P value < 0.05), and which also in Table S1 . F, PValue, and FDR refer to the 846 significance test of the interaction term. 847 Table S4 . List of genes with significant differences in cold responsive expression between SW 849 and NIL R38 (P value < 0.05), and which also in Table S1 . F, PValue, and FDR refer to the 850 significance test of the interaction term. 851 852   Table S5 . List of genes with significant differences in cold responsive expression between SW 853
and CRISPR line cbf2 a (P value < 0.05), and which also in Table S1 . F, PValue, and FDR refer 854 to the significance test of the interaction term. 855 856   Table S6 . List of genes with significant differences in cold responsive expression between SW 857 and CRISPR line cbf2 b (P value < 0.05), and which also in Table S1 . F, PValue, and FDR refer 858 to the significance test of the interaction term. 859 Table S7 . List of genes with significant gene by environment interactions in our study for the 
